Introduction
Cells are usually grown as two-dimensional (2D) cultures, which are reliable and convenient for the majority of developmental biology, tissue engineering, tissue formation, disease mechanism, drug development, and especially large-scale therapeutic protein production studies. 1 The recent development of three-dimensional (3D) culture systems has offered a model closer to in vivo conditions and promised to advance our understanding of cell survival, proliferation, differentiation, and gene and protein expression. 2 Morphological and other properties exhibited by cells in 3D cultures may be better suited for studies of structural organization, cell-cell communication, cell-extracellular matrix interaction, drug sensitivity, cell death, cancer cell survival, and neighboring cell networks. 3 The ensuing results could have a profound influence on studies in cancer biology, drug toxicity tests, stem cell applications, and submit your manuscript | www.dovepress.com
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Baek et al tissue engineering. For example, 3D culture systems could be applied to the study of vasculogenic mimicry, which is currently severely limited in 2D cultures. 4 In terms of drug testing and cancer research, growth rates, shapes, and responses are likely different in 3D cultures, compared to 2D cultures, and bear greater resemblance to in vivo models of gene expressions. 5, 6 According to Mikhail et al, 3D cultures could represent an intermediate step between 2D cultures and in vivo models and would be especially useful for monitoring initial cellular responses, such as cytotoxicity and drug resistance. Results may help improve planning of animal studies. 5 The first step in developing a 3D culture system would be to determine the ability of cell lines to form 3D spheroids. At present, more than 380 cell lines have been tested for their potential to form and maintain 3D spheroids, among these: SF268, SH-SY5Y, U-2OS, MDA-MB-231, MCF-7, HCT116, and an additional 40 cell lines. 7 In another study, A2780, OV2008, SKOV-3, plus 32 other cell lines were tested and a dozen were confirmed to form 3D spheroids. 8 Each cell line produced spheroids of varying shape and size, which could be classified as tight, compact, or loose aggregates. The following cell  lines were unable to form spheroids: 1847, A2780, CaOV3,  COV644, EFO27, ES-2, FUOV1, HEY, IGROV1, JAMA-2,  LK2, OAWA42, OC316, OV2008, OVCAR429, OV-MZ-15,  PXN94, SKOV-3, TOV112D , and UWB1.289. 8 Cis-diamminedichloridoplatinum (II) (known as cisplatin or CDDP) is a well-known alkylating agent with anticancer properties. By binding to guanine nucleotide bases, it blocks DNA replication causing DNA damage and cell cycle arrests. 9 CDDP was reported to be effective against lung, ovarian, and prostate cancers. 10 However, several cell lines have shown resistance to CDDP 11, 12 and several side effects have been documented, such as nephrotoxicity, infertility, ototoxicity, and neurotoxicity, which would limit its long-term usage. 13 Previous studies reported that cancer cell lines Hep3B, HepJ5, ES-2, SKOV-3, OVCAR-3, and MCF-7 suffered a significant loss in cell viability upon CDDP treatment in 2D cultures. 9, [14] [15] [16] Contrary to 2D cultures, when uterus/endometrium cell lines, such as Ishikawa, RL95-2, KLE, and the colon carcinoma cell line HCT116 were used to assess the effect of CDDP, no significant loss of viability was observed in 3D systems. 17, 18 Instead, cell viability was greatly reduced upon CDDP treatment of 3D bone osteosarcoma cell lines (Saos-2, HOS). 19 Therefore, variations to drug sensitivity and tolerance could be better understood with a 3D cell culture system. In this study, the effect of the anticancer drug CDDP was investigated using 3D spheroid-forming HeLa, A549, 293T, SH-SY5Y, and U-2OS cell lines. In addition, adenosine triphosphate (ATP) production and morphological changes of 3D spheroids were monitored in real-time over 7 days.
Materials and methods Materials
The following cell lines were obtained from NanoEnTek Inc. (Seoul, Korea): prostate (DU145), testis (F9), embryonic fibroblast (NIH-3T3), muscle (C2C12), embryonic kidney (293T), neuroblastoma (SH-SY5Y), adenocarcinomic alveolar basal epithelial cell (A549), cervical cancer (HeLa), HeLa contaminant (HEp2), pituitary epithelial-like cell (GH3), embryonic cell (PA317), and osteosarcoma (U-2OS Cell counting was performed with an automated fluorescence cell counter (Arthur; NanoEnTek). CellTiter-Glo ® reagent for measuring ATP levels was purchased from Promega Corporation (Fitchburg, WI, USA). 3D spheroid cell cultures were monitored using the JuLI Stage real-time cell history recorder (NanoEnTek). 3D cell viability was measured using the Infinite Elisa Reader (Tecan Trading AG., Männedorf, Switzerland).
All cells were commercially available, approval from the ethics committee therefore, was not required.
cell culture
Cells were cultured in RPMI (U-2OS) or DMEM medium (HeLa, SH-SY5Y, C2C12, GH3, NIH-3T3, DU145, F9, A549, 293T, HEp2, and PA317) supplemented with 10% FBS and penicillin-streptomycin (1% 100 units/mL). Medium was replaced two to three times per week. Cells were washed with DPBS pH 7.0; adherent cells were treated with trypsin (0.05%)-EDTA (0.002%), collected, and centrifuged. Cells were aliquoted and 14 to 20 mL were transferred to 75-mL flasks, after which they were passaged every 2 to 4 days. ) cells per well were plated (100 µL) into microplates as mentioned earlier. These were centrifuged at 1,000 rpm for 5 minutes, incubated for 72 hours in a CO 2 incubator at 37°C, and then treated with either 100 µL CDDP (50 mM in DMSO and medium, for a final 20 to 320 µM concentration) or 100 µL DMSO in medium (control, 0 µM). Next, plates were centrifuged at 1,000 rpm for 5 minutes at 37°C and transferred to the JuLI stage in a CO 2 incubator at 37°C for antiproliferation screening. Cells were photographed and viability was measured every 30 minutes over 7 days. 20, 21 3D spheroid antiproliferation assay
spheroid formation assay
, and 293T ( 2×10 3 ) cells per well were plated (100 µL) into microplates as mentioned earlier. These were centrifuged at 1,000 rpm for 5 minutes, incubated for 72 hours in a CO 2 incubator at 37°C, and then treated with 100 µL CDDP (50 mM in DMSO and medium). The final concentration was 50 to 250 µM for U-2OS, HeLa, SH-SY5Y, and A549 cells and 20 to 100 µM for 293T cells. Next, plates were centrifuged at 1,000 rpm for 5 minutes at 37°C and transferred to the JuLI stage in a CO 2 incubator at 37°C for the antiproliferation assay. Cells were photographed and viability was measured every 30 minutes over 7 days.
3D cell viability assay
, and 293T (2×10 3 ) cells per well were plated (100 µL) into microplates as mentioned earlier. These were centrifuged at 1,000 rpm for 5 minutes, incubated for 72 hours in a CO 2 incubator at 37°C, and treated with either 100 µL CDDP (50 mM in DMSO and medium) or 100 µL DMSO in medium (control, 0 µM). The final concentration of CDDP was 50 to 250 µM for U-2OS, HeLa, SH-SY5Y, and A549 cells; and 20 to 100 µM for 293T cells. Next, plates were centrifuged at 1,000 rpm for 5 minutes at 37°C and experiments were performed in triplicate. After 1, 4, and 7 days, 100 µL medium was removed from each well and replaced with 100 µL luminescence reagent (3D CellTiter-Glo ® ) following the manufacturer's protocol. Plates were incubated for 30 minutes at room temperature and luminescence was measured.
22,23
Results and discussion spheroid formation assay
The following 12 cell lines, DU145, F9, NIH-3T3, C2C12, 293T, SH-SY5Y, A549, HeLa, HEp2, GH3, PA317, and U-2OS, were screened for their ability to form and maintain 3D spheroids, as shown in Figure 1 . Of these, eight cell lines maintained a spheroid shape: NIH-3T3, C2C12, 293T, SH-SY5Y, A549, HeLa, PA317, and U-2OS. DU145 and F9 cell lines revealed irregular 3D spheroid shapes (Figure 1 ) and, like HEp2, had a doubling time too short for cytotoxicity assays. Consequently, they were not selected.
3D spheroid cell antiproliferation screening with cDDP
The eight cell lines selected as mentioned earlier were screened in a 3D spheroid cell antiproliferation assay with CDDP, as shown in Figure 2 . Cells were photographed 1, 4 ( Figure S1 at day 1 and Figure S2 at day 4), and 7 days (Figure 2) after treatment with CDDP. Accordingly, NIH-3T3 and PA317 cell lines formed 3D spheroids, but no morphological change was observed after CDDP treatment, suggesting that they might be insensitive toward the drug. The C2C12 cell line could not maintain a spheroid shape and appeared insensitive to CDDP. HeLa, A549, 293T, SH-SY5Y, and U-2OS cell lines grew well in the presence of DMSO only and were selected for further studies. These examined the cytotoxic effect of 20, 40, 80, 160, and 320 µM CDDP. U-2OS was also included as a reference cell line. The five selected cell lines were treated with 0, 50, and 100 µM CDDP and their diameter was measured every 6 hours, over a total of 158 hours. Morphological results were identical at concentrations of 100 µM or higher as shown in Figure 3 and Table 1 . Real-time monitoring of these five cell lines was included in Video S1.
hela cells
In the absence of CDDP, HeLa spheroids grew continuously over the entire period, expanding from 350 to 519 µm across. Cells treated with 50 and 100 µM CDDP shrunk slightly between 0 and 12 hours, the diameter of spheroids grew slowly in the first 24 hours after treatment, and stayed constant thereafter. Overall, spheroid diameter increased by 160, 9, and 16 µm following treatment with 0, 50, and 100 µM CDDP, respectively. Real-time monitoring of cell movements and divisions revealed that cells were dying from the periphery of spheroids to the core in a CDDP dose-dependent manner. Spheroid shape was maintained regardless of CDDP concentration, suggesting that cell binding and/or cross-linking with the extracellular matrix occurred during spheroid formation, thus stabilizing the structure. Cytotoxicity was observed at all CDDP concentrations, but was apparent only after 24 hours, suggesting that it first required endocytosis of CDDP.
a549 cells
In the absence of CDDP, A549 spheroids shrunk slightly from 669 to 528 µm at the end of the experiment. A similar decrease was observed also with 50 µM CDDP, whereby spheroid diameter declined from 646 to 473 µm. At 100 µM CDDP, spheroids shrunk from 597 to 399 µm during the first 40 hours, at which point all cells appeared dead. Overall, the spheroid diameter changed by -141, -173, and -198 µm following treatment with 0, 50, and 100 µM of CDDP, respectively. The diameter was reduced even further at 150 µM CDDP. As with HeLa, real-time monitoring revealed that cells were dying from the periphery of spheroids to the core. Cells treated with 50 µM CDDP stayed active even 
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Baek et al after 156 hours, suggesting that A549 cells could tolerate low doses of CDDP. By contrast, cytotoxicity was immediate at 100 µM CDDP. Finally, as with HeLa, the shape of A549 spheroids was maintained at all CDDP concentrations, confirming the role of the extracellular matrix.
293T cells
In the absence of CDDP, 293T spheroids grew continuously for up to 96 hours, expanding from 613 to 860 µm. The size of spheroids treated with 50 and 100 µM CDDP did not change substantially. Overall, spheroid diameter changed by 247, -56, and -23 µm following treatment with 0, 50, and 100 µm CDDP, respectively. As with A549 cells, CDDP cytotoxicity had an immediate effect. Again, cells appeared to die from the periphery of spheroids to the core, but cellular activity could still be observed at the periphery at all CDDP concentrations. Thus, CDDP could block 293T cell growth, but without killing all cells. This may be explained by the development of drug resistance or the fast metabolism typical of 293T cells. The shape of spheroids was maintained in all treated cells.
sh-sY5Y cells
In the absence of CDDP, SH-SY5Y spheroids grew continuously over the entire period, expanding from 669 to 2,048 µm after 156 hours. Within 36 hours, the diameter of treated spheroids changed by 442 and 334 µm following treatment with 50 and 100 µM CDDP, respectively. Upon closer examination by continuous monitoring, SH-SY5Y spheroids became segregated from each other and failed to maintain their canonical shape, suggesting that CDDP elicited cell death and extracellular matrix dissolution. It is possible that immediate cytotoxicity promoted the release of proteases aimed at degrading the extracellular matrix and segregating dead cells. Up to 96 hours after 50 µM CDDP treatment, minor cellular movements could be detected at the core of spheroids.
U-2Os cells
U-2OS spheroid was used as reference, and its size did not change appreciably with or without CDDP. Overall, the diameter of spheroids changed by -49, -119, and -74 µm following treatment with 0, 50, and 100 µM CDDP, respectively. Upon closer examination, shape of U-2OS spheroids was maintained, but cellular movements or divisions were blocked both at the periphery and core of spheroids treated with CDDP.
3D spheroid cell antiproliferation assay
The tumor microenvironment has been implicated in tumor growth, metastasis, and resistance to anticancer therapies. The influence of the microenvironment on the growth pattern of each cell line in the absence of CDDP was monitored in real-time (Video S1). Initially, 293T, HeLa, and U-2OS spheroids exhibited a distinct periphery, an intermediate part, and a core. In 293T, proliferating cells were concentrated at the periphery. Cellular activities in HeLa and U-2OS were found at the periphery and intermediate regions. For A549 and SH-SY5Y spheroids, no distinction between periphery and intermediate regions could be made, and proliferation occurred across SH-SY5Y spheroids. U-2OS and 293T spheroids at 0 µM maintained a distinction between regions over the course of the experiment, whereas the HeLa spheroid at 0 µM exhibited increased cell proliferation in the core and reduced proliferation in the intermediate region. CDDP generally resulted in a denser spheroid core, loss of proliferation in the intermediate region, and a drop in measurable peripheral movement. Instead, in SH-SY5Y spheroids, CDDP induced a rapid expansion followed by core collapse. The effect over time of CDDP on the spheroid core, intermediate regions, and periphery is shown in Table 2 . 
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cytotoxicity of cisplatin on 3D spheroid tumor cells 3D cell viability assay: aTP, comparison with the antiproliferation assay Figure 4 shows changes in ATP activity of U-2OS, HeLa, SH-SY5Y, A549, and 293T spheroids incubated with increasing concentrations of CDDP for 1, 4, and 7 days. Their IC 50 values are listed in Table 3 . During the first day, U-2OS, A549, and 293T spheroids revealed sigmoidal responses to increasing CDDP concentrations; whereas, HeLa and SH-SY5Y spheroids were more sensitive to CDDP and exhibited exponential responses. This observation advocated the use of lower CDDP doses in future experiments. On day 4, ATP activity of U-2OS, HeLa, and SH-SY5Y cells collapsed; whereas, A549 and 293T spheroids retained significant ATP activity. A549 and 293T spheroids exhibited similar ATP activity even on day 7. Based on IC 50 data and total spheroid ATP activity (days 1, 4, and 7), sensitivity to CDDP was lowest in A549, followed by 293T, HeLa, U-2OS, and SH-SY5Y cells. The activity profile of 293T spheroids on days Figure 4 The effect of increasing cisplatin concentrations on U-2Os, hela, sh-sY5Y, a549, and 293T spheroidal aTP activity after (A) 1 day, (B) 4 days, and (C) 7 days of incubation. Abbreviation: aTP, adenosine triphosphate. IC 50 values of CDDP against Saos-2 in 2D and 3D cultures were 0.12 and 0.3 µM, respectively. 19 Similarly, IC 50 values of CDDP against HOS in 2D and 3D cultures were 0.12 and 2.5 µM, respectively. 18 Hence, higher cytotoxicity was observed in 2D than in 3D settings. 21 Here, IC 50 values of CDDP against U-2OS, HeLa, SH-SY5Y, 293T, and A549 spheroids were compared with results from the 2D system by previously reported values, as listed in Table 3 . IC 50 values for all spheroids were higher than results from the 2D system, supporting higher cytotoxicity in 2D than in 3D system. The results would not be a direct comparative representation between 2D and 3D system, since the IC 50 values were taken at day 2 for 2D system and day 4 for 3D system. But the much higher IC 50 values for spheroids could be approximated by using results from day 1 and day 4. Overall, higher concentrations of CDDP would be required to observe the cytotoxicity in 3D spheroids than in 2D system. CDDP treatment has been associated with metabolic alterations and DNA damage, disturbing signaling and cell proliferation pathways. Affected genes include p53, MAPkinases ERK1/2, and Akt1. [24] [25] [26] The 24-hour delay in the appearances of an initial cytotoxic response could depend on endocytosis and intracellular trafficking being required for toxicity. The extracellular matrix seems essential in maintaining intact 3D spheroids. Hence, the gradient of cell death from the periphery to the core would depend on both diffusion and 3D structure. However, ATP generation was blocked immediately, suggesting that effectiveness of CDDP was also immediate. Because cells were not labeled with fluorescent tags or other markers, reactive oxygen species generation, cytokine release, or oxygen consumption were not measured in the current study. In a previous report by Alborzinia et al, oxygen consumption was shown to be one of the earliest parameters affected by CDDP, 27 suggesting a strong link between CDDP cytotoxicity and mitochondria. Such link is supported by the current drastic decrease in ATP generation. Interestingly, CDDP-mediated DNA damage was noticed in HEK293T cells, 28 indicating that CDDP may accumulate and bind to mitochondrial DNA, thus damaging these organelles. Our results are in good agreement with previous reports of DNA damage as the main mode of CDDP function.
ATP measurements reflected changes in cell morphology and movement, typical of cell-cell and cell-extracellular matrix interactions. Except for 293T, all cell lines treated with CDDP (at any concentration) showed a rapid loss of ATP generation after 1 day. 293T spheroids exhibited lower, yet sustained, ATP generation, indicating the existence of resistant 293T or fast metabolic clearance of CDDP due to a higher glycolytic flux in these cells.
Conclusion
Five human cell lines, HeLa, A549, 293T, SH-SY5Y, and U-2OS, were selected. Based on their ability to form and maintain 3D spheroids, real-time cytotoxicity of CDDP, one of the best-studied anticancer agents, was assessed. Morphological changes and ATP generation of 3D spheroids were recorded and measured. Following CDDP treatment, cell growth of 3D spheroids and ATP generation by the corresponding cells stopped over time in a dose-dependent manner. The ability to form and maintain a 3D spheroid shape could be determined by cell-cell communication, cell networks, and interactions mediated by binding or crosslinking of surface proteins, receptors, and ligands. Cells killed by CDDP would maintain the spheroid shape and round structure thanks to the extracellular matrix. The benefit of 3D spheroids lies in their model representation of tumors. Along with wound healing and transfection efficiency, the cytotoxic mechanisms of anticancer agents would be better understood if accompanied by real-time 3D cell culture and other proliferation and apoptosis assays. The maintenance of stable experimental conditions for long periods will be crucial for the continuous monitoring in drug testing experiments.
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Figure S1 still shots of eight spheroid cell lines at 1 day after cDDP treatment. Abbreviation: cDDP, cis-diamminedichloridoplatinum (ii).
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